Abstract. Several studies have revealed the involvement of multi aminoacyl-tRNA synthetase complexes (MSC) in archaeal and eukaryotic translation. Here we analyzed interactions of atypical Methanothermobacter thermautotrophicus seryl-tRNA synthetase (MtSerRS), transfer RNA (tRNA Ser ) and arginyl-tRNA synthetase (ArgRS). Surface plasmon resonance (SPR) was used to determine dissociation constants for the MtSerRS:tRNA Ser complex and the results were consistent with cooperative binding of tRNA Ser . This finding was supported by the ability of MtSerRS to bind two tRNAs in gel mobility shift assay. Notably, the MtSerRS:tRNA Ser complex formation was stimulated by MtArgRS, previously determined interacting partner of MtSerRS. MtArgRS decreases K d for MtSerRS:tRNA Ser two-fold, but does not affect cooperative properties or stoichiometry of the complex. Further investigation of complex formation between MtSerRS and tRNA Ser showed that this molecular interaction is salt-dependent. The most pronounced improvements in binding were determined at high ionic strength, using Tris as a buffering agent, while the addition of Mg 2+ ions led to the same SPR response. (doi: 10.5562/cca2146)
INTRODUCTION
The successful completion of gene expression is dependent on efficient and accurate translation of mRNAs to synthesize proteins, catalyzed by the ribosome. 1 The fidelity of protein synthesis relies on precise mRNA:tRNA decoding interactions, and the highly specific attachment of amino acids (aa) to tRNAs during aminoacyl-tRNA synthesis. 2 The later process is catalyzed by the aminoacyl-tRNA synthetases (aaRSs). 3 Recent evidences 4, 5 revealed that these housekeeping enzymes tend to form macromolecular complexes in all three domains of life. 5 Such associations may influence the efficiency and the accuracy of aminoacyl-tRNA formation. In this context, we previously explored the ability of seryl-tRNA synthetases (SerRSs), which catalyze esterification of cognate tRNA Ser isoacceptors with serine, to interact with other aaRSs and with nonsynthetase proteins. 6 Although, generally, the aaRSs that recognize the same amino acid are rather conserved in terms of sequences and 3D-structures in all domains of life, the two diverged types of SerRSs exist. [7] [8] [9] [10] Bacterial-type SerRSs function in a variety of archaeal, bacterial and eukaryotic organisms, while somewhat atypical, methanogenic-type SerRS was found only in methanogenic archaea, 10, 11 the organisms which often inhabit the environments characterized by extreme living conditions (anaerobic, thermofilic, psychrophilic, halophilic). We have recently shown that methanogenictype SerRSs display several idiosyncratic structural features in comparison with bacterial-type SerRSs. [11] [12] [13] Although all SerRSs are functional homodimers with a C-terminal active site domain typical for class II aaRSs and an N-terminal domain that is responsible for tRNA binding, 10, 14 the representatives of the two SerRS types exhibit different modes of substrate recognition, based on structurally different tRNA binding domains [11] [12] [13] and the presence of catalytic zinc ion in the active site of methanogenic-type SerRS. Both types of enzymes bind one or two cognate tRNAs across two protein subunits, 12, 15 and it seems that in both systems tRNA binding is enhanced by the interaction of SerRSs with other proteins. 6, 16 We have previously shown that yeast SerRS (a bacterial-type enzyme) associates with peroxin Pex21p, 16 while SerRSs from methanogens form assemblies with arginyl-tRNA synthetase (ArgRS). 6 In this paper we present further evidence that interaction of MtSerRS and tRNA
Ser is salt-dependent and that ArgRS from Ser Complex Formation
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Methanothermobacter thermautotrophicus (MtArgRS) facilitates binding of tRNA Ser . Thus, such aaRSs complexes may be especially important under extreme environmental conditions due to diverse habitats such as geothermal, marine hydrothermal springs, rivers and sea sediments, the digestive system of animals and the anaerobic accumulation of waste. MtSerRS:ArgRS association presumably constitutes a part of thermo- 6 and osmoadaptation mechanisms of thermophilic methanogenic archaea, by providing an optimal microenvironment for efficient seryl-tRNA synthesis.
EXPERIMENTAL Preparation of Proteins and tRNA
Preparation of recombinant His 6 -MtSerRS or GSTMtArgRS was done by transforming E. coli BL21(DE3) (Stratagene) with pET28 or pGEX-6P-2 vectors containing the relevant inserts and growing the resulting strains on LB media supplemented with ampicillin or kanamycin as described. 6 Protein concentration was determined by active site titration and Methanosarcina barkeri tRNA Ser GGA (MbtRNA Ser GGA ) was produced in vivo as previously described.
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Gel Mobility Shift Assay
To check for complex formation between tRNA and proteins, tRNA Ser TrisHCl (pH = 7.6)). Electrophoresis was performed at temperature of 4 °C for 3 h at 120 V, and gels were stained with silver, Toluidine Blue or Coomassie Blue.
Surface Plasmon Resonance
Kinetic studies were performed at temperature of 20 °C using a BIACORE T100 surface plasmon resonance (SPR) instrument (Biacore Inc., Uppsala Sweden) at FGCZ (Functional Genomic Center Zürich 
, where 
RESULTS AND DISCUSSION
Determination of Kinetic Parameters for MtSerRS:tRNA Ser Interaction by Surface Plasmon Resonance
Seryl-tRNA synthetase from methanogenic archaeon Methanosarcina barkeri, contains an idiosyncratic Nterminal domain, composed of an antiparallel beta-sheet capped by a helical bundle, connected to the catalytic core by a short linker peptide. 11 Based on the structural information and the docking model, we have previously mutated various positions within the N-terminal region of M. barkeri SerRS and probed their involvement in tRNA binding. 13 The results obtained by SPR 13 revealed that residues Arg76, Lys79 and Arg94 have pronounced effect on SerRS:tRNA Ser complex formation and the dissociation constants (K d ) in comparison with the wild type SerRS:tRNA Ser interaction. These amino acids are conserved in the primary structure of MtSerRS (corresponding to amino acids Arg77, Lys80 and Arg95) ( Figure 1a ) and in several other methanogenic-type SerRSs. According to the sequence alignments, 11 MtSerRS also possesses other features characteristic for methanogenic-type SerRS enzymes, that is a shorter motif II, an insertion at the position of 401-417 and a unique insertion of 30 amino acids (at positions 273-305) between motifs I and II, which adopts helix-turnhelix (HTH) structure. Furthermore, tRNA Ser isoacceptors from M. barkeri and M. thermautotrophicus are strikingly similar: the nucleotide pair G30:C40 is present in all serine tRNAs, all possess characteristic long variable arm, discriminatory base G73, nucleotide pair G1:C72 and one unpaired nucleotide at position 48. 17 Observed structural resemblance in proteins and tRNAs strengthened the assumption about heterologous recognition between MtSerRS and MbtRNA Ser . As expected, MtSerRS binds M. barkeri tRNA Ser with rather high affinity (Figure 1b) . The kinetic parameters for binding MtSerRS and tRNA
Ser were determined using surface plasmon resonance ( Figure 1b and (Table 1 ). The first step of binding one tRNA which involves formation of a bimolecular complex between tRNA Ser and the flexibly exposed N-terminal domain of SerRS (K d1 = 1.455 µmol dm -3 , Table 1 ) changes the affinity for the second tRNA (K d2 = 0.1459 µmol dm -3 , Table 1 ). 
Association in Qualitative Analysis by SPR
To shed some light on the nature of binding between MtSerRS and tRNA Ser , the maximum binding capacity R max (in RU) was measured using SPR in the presence of different concentration of salts and buffering components (Table 2 ). Analyte (tRNA Ser ) was allowed to flow over immobilized ligand (MtSerRS). In all tested buffers the binding of tRNA was successful and reached measurable level of response. We compared the shape of the curves which were very informative without calculating individual rate constants in different reactions.
Interestingly, some curves for MtSerRS:tRNA Ser complex formation did not achieve maximal response and are less steep indicating less efficient recognition of the substrate and slower association. Judging from the level of R max the most favorable buffer for MtSerRS and tRNA Ser interaction was determined (buffer F, Figure 2 ). Figure 2 shows that the sensorgrams in reactions E, F and H climbed more sharply (increased slope) in the association phase that the other reaction sensorgrams indicating rapid association kinetics. When we used Hepes as a buffering chemical or omitted salt from buffer solution we observed decreased slope in the association phase of the sensorgram and low sensor response reaching only 25-30 % of maximal response in optimal buffer F ( Figure 2 and Table 2 ).
In this line it is worth mentioning that efficient binding was observed only when using Tris as a buffering agent. Interaction is poor when Hepes is used as a buffering chemical even at high ionic strength (Figure 2 , compare buffers E, J and F and Table 2 ). Examination of the chemical structures suggests that Hepes is less convenient buffer for MtSerRS:tRNA recognition. Hepes has a terminal sulfate group attenuating the protonated amine's attraction to tRNA phosphate and contains a positive charge within a central tertiary amine, which is less accessible than the primary amine in Tris. Therefore, amine substituents contribute to the binding of the enzyme and the tRNA and the binding is not strictly a function of ionic strength. Our results show that the composition of the buffer affects MtSerRS:tRNA Ser binding as protonated amines can act as counterions to the tRNA phosphates. 22 This is seen in Table 2 where R max is correlated with the concentration of the protonated amine.
Stability of the complex between yeast seryltRNA synthetase and tRNA Ser under different electrophoretic conditions has been explored before 23 and K d values determined in the presence and absence of Mg 2+ were essentially the same suggesting that Mg 2+ ions mainly influence dissociation-association kinetics of the complex, with a minor contribution to its thermodynamic stability. 23 Here we show in SPR that in the presence and in the absence of Mg 2+ ions the binding response remains unchanged (buffer F and G lack magnesium chloride while buffer B contains 6 mmol dm -3 MgCl 2 , Figure 2 ) and the shape of the curve suggests that magnesium ions did not influenced significantly neither the association nor the dissociation of the tRNA Ser . In mMbSerRS structure 11 the α-and β-phosphates of ATP coordinate a magnesium ion, which is bound to the side chains of Asp416, Glu432 and Asn435 but judging from this data the magnesium ions do not affect the binding of tRNA Ser to MtSerRS. 
Osmoadaptation of Thermophilic Methanogenic Archaea and Halotolerance of the Enzyme MtSerRS
Archaea had to apply a wide range of strategies to survive in conditions of high salt concentration, e.g. sodium chloride. We have previously shown that MtSerRS catalyzed tRNA serylation in vitro suboptimally at low salt concentration. 6 Only at salt concentrations above 100 mmol dm -3 the enzyme achieved satisfactory activity. This is in agreement with our current results revealing direct influence of sodium chloride concentration on the interaction between MtSerRS and tRNA Ser ( Figure 2 , Table 2 ). There is a strong correlation between increased recognition of the tRNA Ser and increasing ionic strength (Table 2 and Figure 2) . As shown by R max values (Table 2) , the maximum binding capacity for SerRS:tRNA Ser interaction was reached when elevating the concentration of sodium ions from 54 mmol dm -3 to 200 mmol dm -3 as well as using TrisHCl as a buffering component, consistent with the increasing number of positive charges of these cations (Table 2) . Curve H in Figure 2 shows higher response (R max = 72) then binding described with curves C, E and J, and upon addition of more salt to the buffer, the response is increased to a maximal level (curve F, R max = 120) (Figure 2) , indicating a requirement of substantial quantities of NaCl for the interaction. Curves A, B, D and I show a reduced interaction potential due to decreased concentration of salt (Figure 2) . Interestingly, curves C, A, J and G (Figure 2) show less steep curve in the association part of the curve compared to curve F indicating slower association. From ranking experiment (Figure 2 ) it is evident that c (NaCl) ≥ 100 mmol dm -3 should be present in reaction for optimal recognition between MtSerRS and tRNA Ser . These findings strengthen the conclusion that association of MtSerRS and tRNA Ser is actually stabilized by elevated ionic strength. These findings are reminiscent of the aminoacylation assays conducted in the presence of 250 mM KCl for LysRS, LeuRS and ProRS from M. thermautotrophicus. 24 In contrast, the standard aminoacylation reactions by bacterial and eukaryotic SerRSs are usually carried out without salt. 25 Thus, salt-dependent association between MtSerRS and tRNA Ser may provide one of the mechanisms of osmoadaptation of methanogenic archaea. Unlike bacteria, most archaea require high concentration of cations (e.g. K + ) in the cell for optimal growth conditions. 26 M. thermautotrophicus (strain ΔH) grows very well at the concentrations of sodium chloride up to 0.60 mol dm -3 . Moreover, the intracellular concentration of potassium ions 27 in M. thermautotrophicus is high as 0.65 to 1.1 mol dm -3 . In this respect, the organisms can adapt and evolve proteins that can function at higher salt concentrations. Comparison of the total amino acid content of ribosomal proteins revealed 29 % of acidic ribosomal proteins in M. thermautotrophicus compared to only 7 % in E. coli while halofils contain over 50 % of acidic ribosomal proteins. Moreover, these proteins are less hydrophobic and the effect of salting out with cations is decreased. Therefore, cations can stabilize proper folding of proteins that can function at harsh ionic conditions.
Alteration of K d Value in MtSerRS:tRNA Ser Association Upon Addition of MtArgRS
The effect of MtArgRS on the tRNA Ser binding by MtSerRS was investigated in vitro by gel mobility shift assay. Quantification of free and bound RNA bands in gel mobility shift assay allowed the binding curve for MtSerRS:tRNA Ser to be analyzed ( Figure 3 ). Saturation binding was displayed graphically, and a sigmoidal curve was obtained as shown in Figure 3a , indicating cooperative binding, and could not be fit to the standard single-site binding model. In SPR, a sensorgram of a heterogeneous analyte binding to immobilized ligand (Figure 1 ) represents the sum of two separate binding interactions. If second tRNA has a higher binding affinity than the first tRNA, the gel-shift data will reflect the binding kinetics of the higher affinity tRNA. If K a2 is very large compared to K a1 then the major species present in solution are either [B] or [A 2 B] (see Experimental) and from gel-shift analysis the apparent dissociation constant K d,app of 119 nmol dm -3 was obtained for both binding steps occurring at the same time. Interestingly, when MtArgRS was added in the reaction, the K d,app for tRNA Ser was decreased two-fold to 62.0 nmol dm -3 (Table 3 ). This finding is in agreement with previous kinetic experiments 6 where K m for tRNA Ser was reduced also two-fold in the presence of MtArgRS. Interaction between MtSerRS and MtArgRS enhanced tRNA Ser aminoacylation, in agreement with previous reports of improved aminoacylation upon aaRS complex formation in archaea and yeast. [4] [5] [6] 24, 28 While the details of this interaction remain to be resolved, our data indicate that the presence of MtArgRS in this macromolecular assembly could improve the efficiency of the translational machinery by facilitating the recognition of the tRNA Ser by MtSerRS as shown in this work (Table 3) . When the saturation-binding data from Figure 3a was fit to the Hill equation (Figure 3b ) the Hill coefficients in the absence and the presence of the MtArgRS were calculated (Table 3 ). The observed cooperativity for binding of tRNA Ser to SerRS (Figure 3a) is also reflected in the Hill coefficient, which for MtSerRS:tRNA Ser (Table 3) 11, 30 and biochemical studies on heterodimers. 12, 32 SerRS from the yeast Saccharomyces cerevisiae has also been found to bind one or two tRNA Ser cooperatively 24 . Measurements of affinity (Figure 3) , stoichiometry ( Figure 4 ) and cooperativity ( (Figure 4b ). To explore these possibilities in future crystallographic experiments will be an intriguing task.
Overall SerRS structure is very flexible. Docking model of mMbSerRS:tRNA complex 12 implies that the N-terminal domain of one protomer in the dimer will bind the variable arm of the tRNA Ser , whereas the 3'-end of the same tRNA will enter the active site of the other protomer. 12 Catalytic and N-terminal domains of SerRS have to act synergistically to provide a high and specific binding affinity for their cognate tRNA Ser . 12 Although tRNA-binding domains in the two SerRS types are non-homologous and evolutionarily unrelated, 11 the requirement for a closing movement of the N-terminal domain upon tRNA binding has been observed in the T. Thermophilus SerRS:tRNA co-crystal structure 33 and predicted by docking model. 11 The initial capture of the tRNA is likely to be facilitated by the flexible disposition of the N-terminal domain, which will then deliver the tRNA to the active site of the enzyme via a hingelike motion mediated by HTH interactions. 12 Unlike some synthetases such as aspartyl-tRNA synthetase, where each monomer interacts with only one tRNA molecule, here each tRNA Ser binds both monomers of SerRS (cross-dimer binding) 12 and it is tempting to further explore tRNA-induced cooperative effects. Crossubunit interactions with the tRNA have also been identified in ProRS and ThrRS. 34 In ThrRS, the binding of tRNA by one monomer, by breaking a salt bridge, presumably modifies the position and flexibility of the ordering loop of the other monomer and consequently affects the binding or release of the substrates in the second active site. 34 This type of tRNA-induced intersubunit communication needs to be further explored in serine system because it could constitute another functional link between members of subclass IIa.
CONCLUSION
The kinetic parameters for binding MtSerRS and tRNA
Ser were determined using surface plasmon resonance ( Figure 1b and , K d2 = 0.1459 µmol dm -3 , Table 1 ). The analysis of the binding data from three separate experiments revealed presence of positive cooperativity in formation of the MtSerRS:tRNA Ser binding complexes (Figure 3a ) displayed as sigmoidal saturation curve.
There is a correlation between efficiency of binding (R max ) tRNA Ser to MtSerRS and elevated ionic strength that was observed only when using Tris rather than Hepes as a buffering chemical. By comparison of the binding responses and shape of sensorgrams we show that magnesium ions do not affect the binding of tRNA Ser to MtSerRS. Further evidence to support a two tRNA-binding site model (Figure 1 ) was provided by gel mobility shift assay (Figure 4) (Table 3) , but had no affect on cooperative properties or stoichiometry of the complex (Figure 4) .
While the details of this interaction remain to be resolved, our data indicate that the complex formation between MtArgRS and MtSerRS may improve the efficiency of the translational machinery, assuring more efficient recognition of the tRNA Ser by MtSerRS as presented in this work (Table 3) .
